Seagrass meadows provide a range of important ecosystem functions that can be influenced by anthropogenic pressures. Sediment loading from coastal land use mismanagement can elevate turbidity and reduce seabed light levels, thereby impacting seagrass primary productivity and meadow health. Less understood is the impact of elevated turbidity on the nutrient removal capacity of seagrass, which is a key ecosystem function. Here, we use in situ benthic chambers to show that elevated turbidity is associated with lower nutrient (NH 4 + ) removal within intertidal seagrass meadows. Our results suggest that reductions in sediment loading to improve water clarity may increase the nutrient removal capacity of intertidal seagrass meadows influenced by light limitation. When quantifying important ecosystem functions such as nutrient removal by seagrass it is important to consider this context dependency.
INTRODUCTION
Seagrasses are a key component of shallow coastal ecosystems that provide a range of ecosystem functions (Campagne et al., 2015; Mtwana Nordlund et al., 2016) . They protect and stabilize coastlines (Christianen et al., 2013) , and play a valuable role in the cycling and storage of carbon (Duarte et al., 2013) and nutrients (McGlathery et al., 2007) . They also support diverse ecological communities of plants and animals and provide important habitats for fish, birds, and shellfish (Unsworth et al., 2010) . There is world-wide concern about the loss of seagrass-associated ecosystem functions due to various anthropogenic stressors (Waycott et al., 2009 ), including excess nutrients or sediments which are the most common and significant causes of seagrass decline.
Seagrasses are estimated to store between 4.2 and 8.4 Pg carbon (Fourqurean et al., 2012 ) and denitrify 0.03 Tg N 2 O-N per year (Murray et al., 2015) . Seagrasses take up inorganic nutrients from sediment porewater (via roots and rhizomes) and from the water column (via blades) (van der Heide et al., 2008) . The water column is estimated to contribute approximately 50% of nutrients required for seagrass growth and survival (Lee et al., 2007) . The relative importance of above and belowground biomass for carbon sequestration and nutrient uptake is highly variable, related to nutrient type, seagrass species, and other environmental factors (La Nafie et al., 2014; Sandoval-Gil et al., 2015) .
Seagrass meadows are typically located adjacent to bare "unvegetated" sediments, which are colonized during seagrass expansion. Unvegetated sediments also often replace seagrass habitat when seagrass meadows naturally contract or are lost due to disturbance, stress or disease. However, despite the flat and relatively homogenous appearance of unvegetated sediments, this habitat type can be highly productive due to the presence of microphytobenthic (MPB) communities, comprised of microscopic algae and cyanobacteria living on the surface of sediment (MacIntyre et al., 1996) . Seagrass meadows and MPB communities take up inorganic nutrients to support photosynthesis and produce organic biomass (Lee et al., 2007) . The organic material is either exported from the system as detritus, buried in the sediment column, or remineralised (Hemminga et al., 1991) . Many types of softsediment macrofauna bioturbate and irrigate the upper layers of the sediment column, thereby oxygenating sediment, consuming organic matter and excreting inorganic nutrients, which can fuel seagrass and MPB growth and production (Lohrer et al., 2016) .
Photosynthetic biomass and primary production are generally significantly higher in seagrass meadows than bare sediments [approximately 2-4 times higher (Pratt et al., 2015; Gustafsson and Norkko, 2016; Lohrer et al., 2016) ]. As nutrient uptake rates are related to rates of primary production in bare sediments (Thornton et al., 1999; Dalsgaard, 2003; Longphuirt et al., 2009; Rodil et al., 2011) , and primary production is higher in seagrass meadows (Lohrer et al., 2016) , it follows that seagrass meadows will have a greater capacity to remove inorganic nutrients than bare unvegetated sediments. In addition, because nutrient uptake rates are generally related to primary production rates, stressors that affect seagrass primary production, such as increased turbidity, may therefore affect the nutrient removal capacity of seagrass. Turbidity in the water column is inversely correlated with seabed light levels, and high turbidity is generally considered a stressor of seagrass (Petrou et al., 2013; Chartrand et al., 2016) . By moderating seagrass primary production rates, high turbidity has the potential to affect the growth and vigor of individual plants and the extent and lushness of whole meadows (Goodman et al., 1995; Petrou et al., 2013; Chartrand et al., 2016) , which in turn may result in reduced nutrient removal or retention (van der Heide et al., 2008) .
We hypothesize that high water column turbidity has a significant effect on the nutrient removal capacity of seagrass, both due to a reduction in the rate of photosynthetically driven uptake, and due to reduced seagrass biomass. Here we tested this hypothesis by measuring nutrient fluxes in seagrass meadows and adjacent bare sediments at three sites spanning a significant turbidity gradient in a New Zealand estuary. The difference in nutrient efflux between a site's seagrass meadow and its bare sediment was used to determine the nutrient removal capacity of seagrass at each site and how it varied with turbidity and benthic light availability. We chose this approach, rather than a direct comparison of nutrient fluxes in seagrass meadows across a turbidity gradient, to better control for biophysical variation among the three sites (e.g., variation in sediment mud and organic content, the abundance of large macrofaunal species, and MPB concentrations). Within sites, in habitats with and without seagrass that were <5 m apart, the influence of spatial variation in these parameters was reduced, and our ability to make inferences about turbidity's effects on seagrass nutrient removal capacity was enhanced. As an illustration, the abundance of large bioturbating macrofauna such as bivalves is generally positively related to NH 4 + efflux in intertidal systems (Lohrer et al., 2016) . If bivalve abundance does not differ between seagrass meadows and adjacent bare sediment at an individual site, we may infer that bivalves are not responsible for the difference in nutrient flux at that site, even though the abundance of bivalves may vary significantly among sites, potentially confounding direct comparisons of nutrient efflux in seagrass beds across sites.
MATERIALS AND METHODS
This study was conducted at three sites in the Kaipara Harbour, New Zealand: Mairetahi Creek (Mai C; -36.5477S, 174.3609E), Kakaraia Flats (KKF; 36.4188S, 174.3937E), and Tapora Bank (TPB; -36.3938S; 174.2930E). Sites were selected to represent a gradient of high, moderate and low suspended sediment concentration; informed by the output of a sediment transport model for the harbor (Pritchard, NIWA) and confirmed by total suspended solids and turbidity measurements during sampling. Sampling occurred on 3 days over a 4-day period in summer (February 26-29, 2016 ). The tidal range in the harbor during sampling was ∼2.7 m. Conditions over the 4-day period were typical of conditions expected during summer; 24-25 • C air temperature and little or no rainfall during sampling.
Each site was located on an intertidal flat occupied by both seagrass and bare sediment. Sediment-water column fluxes of inorganic nutrients and oxygen were measured using paired light and dark benthic chambers (Figure 1) . The methodology used has been described in previous studies (Lohrer et al., 2016) . Briefly, a total of five light and dark sets of benthic chambers were deployed at each site within seagrass and adjacent bare sediment habitats. Chambers (50 cm × 50 cm × 15 cm height) were pressed approximately 5 cm into the substrate to enclose 0.25 m 2 plots. During high tide these chambers were submerged by ∼1.5-2 m of water. Translucent Perspex domes were fitted to each chamber, sealing in approximately 30 L of water above the enclosed plots during tidal inundation. Dark chambers were covered by shade cloth while light chambers were exposed to ambient sunlight (to capture the impact of photosynthetic processes). A seawater stirrer (Sea Bird Electronics; recirculating pumping for 5 s every 30-40 s), dissolved oxygen logger (ZebraTech D-Opto; sampling at 1-min intervals), and temperature logger (HOBO; sampling every 30 s) were included within each chamber. Chambers were incubated for approximately 4 h during midday high tides. Water samples (60 ml) were drawn from a port in the lid of each chamber at the start, middle, and end of ∼4 h incubations to assess solute concentrations. Water depths were approximately 0.5-1 m at the start, 1.5-2 m at the middle, and 0.5-1 m at the end of sampling. Three light and dark bottles were filled with ambient bottom water and incubated at each site alongside the benthic chambers as a control for potential water column effects (i.e., pelagic processes, such as phytoplankton production) on chamber flux values. Dissolved oxygen (DO) concentrations were measured within each water sample (YSI ProODO Optical Dissolved Oxygen Instrument). The change in DO between the start and the end of an incubation was typically less than 50% (the lowest dark chamber value 49%; the highest light chamber value 138%). Water samples drawn from chambers and bottles were then filtered (0.8 µm glass fiber) and stored frozen in the dark before inorganic nutrient analysis (ammonium nitrogen, nitrate + nitrite nitrogen, dissolved reactive phosphorus). Dissolved inorganic nutrient analysis was FIGURE 1 | Description of field work site and chamber layout. (A) A light chamber, deployed, with dissolved oxygen logger and water stirring system under a clear Perspex dome, (B) the field site, pre-deployment, just prior to being fully immersed by the incoming tide. Chla, chlorophyll a; gs, grain size; macro, macrofaunal core.
performed using standard methods for seawater on an AstoriaPacific 300 series segmented flow auto-analyzer with detection limits of 1 mg m −3 for N and P.
Benthic photosynthetically active radiation (PAR) adjacent to chambers was measured with six light loggers (Odyssey, sampling at 5-min intervals) randomly distributed throughout each site. Water column samples were collected two times during each incubation to measure Total Suspended Solids (TSS). TSS was quantified based on the difference in dry weights of a Whatman glass fiber filter (GF/F, 0.8 µm pore size) before and after passing a set volume of sample water through it (e.g., 500 ml). A logger measuring water column turbidity was also deployed approximately 50 cm below the surface of the water column at each site (measuring turbidity at 1-min intervals). Turbidity values were calibrated based on TSS values to provide an estimate of TSS across the entire incubation period.
At the end of incubations, during low tide, a number of biological and physical variables were sampled. Three small sediment cores (2 cm dia., 2 cm depth) were taken within 50 cm of each plot and amalgamated for sediment mud content [<64 µm (Gatehouse, 1971) ], sediment chlorophyll a (Moed and Hallegraeff, 1978) , and organic matter content [by loss on ignition at 400 • C (Sartory and Grobbelaar, 1984) ]. Seagrass blades were avoided during the collection of these samples, even when sampling the seagrass habitats. One larger core (13 cm dia., 15 cm depth) was collected within each plot to quantify macrofaunal community structure and abundance. These samples did include seagrass (both above and below ground biomass) when present. Samples were sieved through a 500 µm mesh and macrofaunal were preserved in 70% isopropyl alcohol for processing in the laboratory. Cockles (Austrovenus stutchburyi) and wedge shells (Macomona liliana) are known to strongly influence sedimentwater column fluxes of inorganic nutrients (Pratt et al., 2015; Lohrer et al., 2016) and were the species of interest within macrofaunal cores. Above and below-ground seagrass biomass was extracted from cores and dried in a 60 • C oven for 4 days, or until weights stabilized.
Data Analysis
The flux of inorganic nutrients and oxygen in each chamber was calculated according to previously described methods (Lohrer et al., 2016 ) based on slope coefficients from the time series of concentration measurements collected from each chamber, corrected for chamber surface area and volume. Gross Primary Productivity (GPP) was calculated as light minus dark oxygen flux for each paired light and dark chamber. Flux differences between seagrass and adjacent bare sediments (denoted hereafter by ) were calculated by subtraction (seagrass flux minus bare sediment flux). A three factor PERMANOVA test (crossed design) was used to detect significant differences between sites, habitat type and light or dark chamber for inorganic nutrient and oxygen fluxes, and biological and physical characteristics. A two factor PERMANOVA (crossed design) was used to detected significant differences between sites and habitat types for GPP. A one factor PERMANOVA was used to detect significant differences between sites for turbidity, light availability, NH 4 + flux, NO 3 − flux, PO 4 3− flux and GPP. If significant differences were detected (p < 0.05), a pair-wise test was used to isolate differences. As we found no significant difference between light and dark inorganic nutrient fluxes (see Supplementary  Table S2 ), fluxes were pooled for analysis of fluxes. The lack of a significant difference in nutrient flux in seagrass beds in light and dark is consistent with previous observations in New Zealand (Lohrer et al., 2016) and our understanding of seagrass physiology (Touchette and Burkholder, 2000; Alexandre et al., 2016) .
Backward multiple regression was used to assess combinations of factors affecting the significant nutrients fluxes obtained in the PERMANOVA analyses (SAS version 9.3; selection criterion α 0.15; final model significance level α 0.05). The initial full model contained the following explanatory variables: seagrass biomass, A. stutchburyi abundance (>5 mm shell width), M. liliana abundance ( >5 mm shell width), sediment organic matter content, sediment chlorophyll a content, sediment mud content, GPP, turbidity, benthic light availability and water temperature. The difference between seagrass and bare sediment ( ) for each of the explanatory variables was used for NH 4 + efflux regressions. Collinearity diagnostics and variance inflation factors were examined, homogeneity of variance was evaluated by plotting residual vs. predicted values, and normality was assessed via normal probability plots to ensure that models met the assumptions of the tests. The relative influence of explanatory variables retained in final models was assessed by examining the significance, sign and magnitude of variable coefficients.
RESULTS
Water column turbidity during sampling was highest at Mai, intermediate at KKF, and lowest at TPB, which corresponded to an inverse pattern in seabed light availability during periods of tidal inundation: lowest at Mai, intermediate at KKF, and highest at TPB (Figure 2A) . The average benthic light availability at the two sites exposed to the highest turbidity was below that required for photosynthesis saturation in Zostera muelleri (≥195 µmol m −2 s −1 ; (Schwarz, 2004) ; dashed line), while light availability at the site exposed to the lowest turbidity exceeded saturation requirements (Figure 2A) . Water temperature varied across sites/chambers by <1.5 • C, with slightly lower temperatures at Mai (24.13 ± 0.13 • C) than at KKF (25.09 ± 0.13 • C) or TPB (25.26 ± 0.25 • C), and slightly lower temperatures in dark chambers than in light chambers in seagrass meadows.
Sediment organic matter content within seagrass meadows was lower at Mai than at KKF or TPB, and was always higher in seagrass meadows than in adjacent bare sediments ( Figure 2B ). Mud content was higher at Mai (8.57 ± 0.59% within seagrass meadows, 7.67 ± 0.62% within bare sediment) and TPB (9.84 ± 1.67% within seagrass meadows, 9.93 ± 2.0% within bare sediment) than KKF (6.25 ± 0.59% within seagrass meadows, 5.57 ± 0.32% within bare sediment). Sediment chlorophyll a content was lower at TPB than at Mai or KKF within seagrass meadows ( Figure 2C) .
Although the percent coverage of seagrass shoots at all three sites was 80-100%, seagrass biomass (above plus below ground) was lower at Mai (2.14 ± 0.13) than at KKF (2.80 ± 1.02) or TPB (3.70 ± 0.28) ( Figure 2D) . Species richness and abundance of macrofauna was highest at TPB, intermediate at KKF and lowest at Mai (Supplementary Table S1 ). All three sites were dominated numerically by polychaetes and bivalves. In terms of large bioturbating macrofauna (>5 mm in diameter), there was a gradient across sites driven by the abundance of cockles: A. stutchburyi were not observed at Mai C, occurred at low densities at KKF, and were at high densities at TPB (Figure 2E) . Another bivalve, the tellinid Macomona liliana, was more abundant at TBP and Mai than it was at KKF (Figure 2F ).
Solute Fluxes
Dissolved Oxygen (DO) fluxes from seagrass were positive in the light chambers at TPB (i.e., seagrass habitat was net autotrophic) and negative at KKF and Mai C. DO fluxes from bare sediments for light and dark chambers were negative at all sites (i.e., oxygen demand exceeded oxygen production). Gross primary production, which represents the rate of photosynthetic oxygen production after adjusting for community oxygen respiration (i.e., GPP = light DO flux minus dark DO flux), was higher in seagrass than in bare sediments at KKF and TPB, yet not significantly different at Mai C ( Figure 3A) . GPP in seagrass and bare sediment was higher at TPB than it was at the other two sites.
GPP was greater at TPB than at KKF, and both were greater than at Mai C ( Figure 3B) .
Ammonium (NH 4 + ) efflux from seagrass was higher at Mai C than at KKF, yet neither site was significantly different to TPB. Within bare sediment, NH 4 + efflux was higher at TPB than KKF. NH 4 + efflux from seagrass was lower than adjacent bare sediment at TPB and KKF, however, no significant difference was observed between seagrass and bare sediment at Mai C ( Figure 3C) .
NH 4 + between seagrass and adjacent bare sediment was greater at TPB than at Mai C or KKF ( Figure 3D) . Fluxes of Nitrate (NO 3 − ) were generally lower and more variable than NH 4 + fluxes, and no significant patterns were detected across sites or habitats (Figures 3E,F) . Dissolved Reactive Phosphorus (DRP) flux was lower at Mai C and KKF than at TPB. Although DRP was lower at Mai C than it was at the other two sites, the differences between the three sites and between habitats at each site were not significant (Figures 3G,H) . Backward regressions were run on NH 4 + efflux and NH 4 + as NH 4 + was the only nutrient which significantly varied in the PERMANOVA analysis (between sites crossed by habitat; Supplementary Table S2) . Backward linear regression of the complete dataset (all sites, habitat types, light and dark treatments combined) revealed that seagrass biomass was inversely related to NH 4 + efflux (r 2 = 0.24, p = <0.001; NH 4 + efflux = 131.208 − 12.977 * seagrass biomass) and was the only significant explanatory variable among those entered into the initial full model. In other words, with increasing seagrass biomass, less ammonium moved across the sedimentwater interface into the water column. Similarly, nutrient uptake capacity ( NH 4 + efflux) was inversely correlated with GPP-the gross primary productivity of seagrass relative to its adjacent bare sediment-and was again the only significant predictor of the response (r 2 = 0.38, p = 0.01; NH 4 + efflux = −52.640 − 0.0141 * GPP).
Refer to Supplementary Table S1 for means ± SE for physical and biological site characteristics and solute fluxes. Refer to Supplementary Table S2 for PERMANOVA results.
DISCUSSION
Our study found NH 4 + efflux to be greatest in seagrass exposed to the highest turbidity and no significant difference in nutrient effluxes (NH 4 + , DRP, and NO 3 − ) between seagrass and bare sediments under these conditions. In contrast, at the site with lowest turbidity and highest GPP, nutrient removal capacity was greatest (significant difference in NH 4 + and DRP efflux between seagrass and bare sediment, significant effect for NH 4 + , consistent patterns for DRP and NO 3 − ). The difference in NH 4 + efflux was positively related to GPP, suggesting that seagrass is less effective at intercepting nutrients moving out of the sea bed and into overlying water when turbidity is high and photosynthesis is reduced. Our study suggests that higher turbidity is associated with lower nutrient (NH 4 + ) removal within intertidal seagrass meadows.
Water column turbidity at Mai C, the most turbid of our study sites, was in the upper range of estuarine turbidity values typically observed in New Zealand and overseas (Uncles et al., 2002; Dudley et al., 2017) . We note that many of the impacts Higher organic matter and bivalve abundance, lower chlorophyll a content (Site TPB). At bare sediment sites higher sediment-water column efflux of inorganic nutrients (NH 4 + ) was observed due to higher organic matter content, bivalve abundance, and lower chlorophyll a content. Despite these factors, lower inorganic nutrient efflux was observed at the seagrass sites exposed to lower turbidity, indicating higher nutrient removal by seagrass exposed to lower turbidity.
of turbidity on seagrass nutrient removal are indirect. Water column turbidity impacts seagrass by reducing the quantity and quality of light available for photosynthesis (Petrou et al., 2013; Chartrand et al., 2016) . During our experiment, the average benthic light availability at Mai C, and also at KKF, was less than the amount required for photosynthetic saturation in Zostera muelleri [≥195 µmol m −2 s −1 ; (Schwarz, 2004) ], whereas light availability at the site with the clearest water, TPB, exceeded saturation requirements. Increased primary production due to increased light availability is associated with nutrient uptake in MPB communities (Thornton et al., 1999; Dalsgaard, 2003; Longphuirt et al., 2009; Rodil et al., 2011) , and results presented here suggest this also occurs in seagrass. Consistent with the literature (van der Heide et al., 2008) , our results demonstrate a positive relationship between nutrient uptake rates and seagrass biomass. The site with the lowest nutrient uptake capacity, Mai C, likely had a reduced capacity for nutrient uptake due to a combination of relatively low seagrass biomass and a low potential for photosynthetic activity as a result of high water column turbidity [which in turn is associated with reduced seagrass biomass (Goodman et al., 1995; Petrou et al., 2013; Chartrand et al., 2016) ].
As seagrass in this study was intertidal, and was shown to be more productive during tidal emergence at all three sites (Drylie et al., 2018) , the access of intertidal seagrass to light during the low tide period (when turbidity is a non-factor) may allow it to persist even at the most highly turbid sites. However, the capacity of seagrass to take up nutrients may be influenced by light climate on a range of time scales. In addition to instantaneous uptake of nutrients to fuel photosynthetic processes (related to light availability and seagrass biomass), the light climate prior to our experiment may have influenced nutrient flux measurements. For instance, seagrass can take up nutrients in the dark by catabolizing starch reserves, however, this capacity is limited to relatively short time-frames (i.e., 8 h) (Touchette and Burkholder, 2000; Alexandre et al., 2016) . During periods of high light availability, seagrass may deplete nutrients present in sediment pore-water, thereby reducing the amounts available for exchange with the water column. Low rates of nutrient uptake by seagrass may lead to the accrual of nutrients in sediment porewater, resulting in increased export of nutrients from sediment to water column [as has been observed in MPB communities (Thornton et al., 1999) ]. In this study, we assessed fluxes in inundated habitats during the middle part of the day, after the habitats had experienced no or low light for 12-18 h (i.e., night and early morning). The turbidity of the water that inundated the sites as the tide came in likely affected the productivity of the seagrass and its nutrient uptake kinetics. High turbidity prior to the chamber incubations would tend to reduce rates of photosynthesis and starch replenishment and thereby limit nutrient uptake from pore water, consistent with our observation of greater proportions escaping from seabed to water column. The key finding of our study is that the nutrient removal capacity of seagrass -the reduction in NH 4 + efflux from sediment to water column during tidal inundation-appears to be affected by high water column turbidity during high tide. Further, even though intertidal seagrass may survive at high turbid sites due to productivity gains around tidal emergence, turbidity still has the potential to limit their value due to a reduction in seagrassmediated nutrient removal.
Other factors (such as differences in mud, chlorophyll a, organic matter content, bivalve abundance, and temperature) had the potential to influence nutrient fluxes at the study sites, although none were found to be significant in our statistical tests. Moreover, the expected impacts of these factors on nutrient fluxes generally ran counter to what was observed in our study. For example, organic matter content, bivalve abundance and temperature are generally expected to be positively related to sediment NH 4 + efflux in intertidal ecosystems (Ziegler and Benner, 1999; Lohrer et al., 2016) . The quantity of organic matter available in the sediment for microbial remineralization affects the stocks of NH 4 + in pore water (Hemminga et al., 1991) ; bivalves mix and irrigate sediments and thereby contribute to the release of solutes such as ammonium from pore water to water column (Lohrer et al., 2016) ; and higher temperatures contribute to higher nutrient fluxes through increases in microbial remineralization rates and macrofaunal activity levels (Bulthuis, 1987) . We note that Z. muelleri has a wide thermal optima for maximum photosynthesis, ranging from 16 to 31 • C depending on location (Lee et al., 2007; Collier et al., 2017) . Thermal optima for maximum photosynthesis have not been established for Z. muelleri in New Zealand. However, for subtropical Z.muelleri an increase of 1 • C around the thermal optima for maximum photosynthesis was estimated to result in an increase in GPP of approximately 2.5% (Collier et al., 2017) . This suggests a similar difference in temperature between sites/chambers observed during our study is likely to have had a relatively minor impact on fluxes. Therefore, by all accounts, the efflux of ammonium should have been highest in the seagrass beds at TPB. However, NH 4 + efflux was relatively low in the seagrass bed at TPB, and was much lower than the level of NH 4 + efflux in adjacent unvegetated sediments at TPB. The most parsimonious explanation for this is the higher rates of productivity and nutrient removal by seagrass in the comparatively clear waters of TPB, relative to lower rates of removal in the more turbid waters of KKF and Mai C (Figure 4) .
CONCLUSION
Our results suggest that improvements in water clarity may increase the nutrient removal capacity of intertidal seagrass meadows that experience light limitation. The effect of water column turbidity on seagrass-mediated nutrient removal illustrates how turbidity may impact upon the provisioning of ecosystem functions by seagrass meadows, even before seagrass biomass is lost and meadows contract. When quantifying seagrass ecosystem functions such as nutrient removal, it is important to consider this context dependency.
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